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Introduction
Woody biomass was the most important source of energy for thousands of years before the advent of fossil fuels. This type of renewable energy can now contribute to meeting the energy needs of modern society for both industrialized and developing countries. Recent forecasts project that worldwide wood-based electricity generation could increase to approximately 500% of 1995 levels in 2030 (Demirbas et al., 2009 ). This exponential interest in woody biomass must be coordinated with the accurate planning of this sector. In effect, sustainable exploitation of the agro-forestry energy chain must consider the social, economic and environmental impacts by analyzing technical-logistic, financial and natural issues.
At the local level, studies of bioenergy chains implementing the above-mentioned topics have been widely developed using different methodologies. Partial equilibrium models (PEMs) are one of the main techniques applied to analyze short or localized energy chains. A potential trade-off between food and non-food crops was developed by Ignaciuk et al. (2006) , taking into account energy policies, land use consumption and bioenergy prices in Poland. The authors show, among other things, how incentives to bioelectricity production can increase both biomass and agricultural production. On the contrary, the carbon tax allows for a higher reduction of carbon dioxide emissions but also leads to the reduction of agricultural production. Johansson and Azar (2007) computed the same substitution effect for the US agricultural energy market using the non-linear optimization model LUCEA 2.0. In particular, a substantial increase in the prices of agricultural crops can be explained as an effect of carbon abatement policies. Focusing on the forest sector, Trømborg et al. (2008) defined the potential trends of the biomass market in Norway. In that paper, the main factor that could influence the competitiveness of bioenergy is the provision of economic subsidies. In addition, the introduction of small biomass plant technology shows higher efficiency than district heating systems, needing higher bioenergy prices or more incentives to be competitive. Susaeta et al. (2013) applied a PEM to establish the impact of the energy residues of southern US (Florida) forest industries on traditional assortments. The authors suggest that inclusion of incentive policies in bioenergy sector might generate benefits for the sector and for forest landowners, but economic losses for sawmill and pulpmill activities. PEMs have been applied for the forest energy sector in combination with several methodologies. Kallio et al. (2011) employed a PEM in a spatial analysis to evaluate the Finnish woodchip market. A technical and economic analysis of biomass-based cogeneration for the same region was carried out by Palander (2011) by the application of dynamic multiple-objective linear programming. Leduc (2009) described the geographically explicit bioenergy conversion optimization model BeWhere, which was based on mixed integer linear programming (MILP), developed using the commercial software GAMS and solved using CPLEX.
Impact assessments of forest residues on different bioenergy chain compartments were implemented by Schwarzbauer and Stern (2010) through the Forst-und Holzwirtshaft (FOHOW) model for Austrian forests. The authors projected competition between the energy sector and production by other wood-based industries (paper and panel) by the loss of gross profits and raw material procurement for industries. Analogous estimation was carried out for the sawmill sector by Ackom et al. (2010) for pellet and ethanol production in Canada and by Trømborg and Solberg (2010) for pulpwood and paper production in the Norwegian forest sector.
Competition analysis outlines how the prices and trade mechanisms of wood fuel can depend on policy and the global market (not only for the energy sector but also for other forest issues, such as transport, the industrial market, etc.; see, e.g., Trømborg and Solberg, 2010) . In other cases, a conclusion is that "...demand and supply will develop differently in different regions and result in regional markets with regional prices unless storage and transportation technology of wood-based fuels will develop" (Olsson et al., 2010) .
In this framework, this paper aims to develop a partial equilibrium analysis for the wood residue energy chain in the province of Trento (Italian Alps). Trento province can be considered representative of the entire Alpine region because it is affected by the same dynamic of social and landscape changes that can be found elsewhere in the Alps (Tattoni et al., 2010 (Tattoni et al., , 2011 . Until now, the materials for the production of thermal energy in district heating (DH) plants in the study area have mainly been obtained from sawmill logging residues (Sacchelli et al., 2011) . In fact, the use of biomass from silvicultural intervention presents several technical and economic problems in relation to the types of forests and the morphology of the land. However, technological and logistic improvements related to policy incentives and increased bioenergy demand could lead to a variation in the local wood residue market. Thus, an in-depth analysis is needed to furnish suitable guidelines to local stakeholders and policy makers. From a methodological viewpoint, the innovation of this work is the implementation of a partial equilibrium model inclusive of multi-objective linear programming and spatial analysis approaches.
Section 2.1 of this paper introduces the main bioenergy supply/ demand characteristics of the system under study; the methodological framework is defined in Sections 2.2e2.5. Section 3 presents the main results of this work. Discussion and the potential further implementation and transferability of the model are defined in Section 4.
Applied methodology
Starting from a geodatabase of the bioenergy supply and demand of the province of Trento in northeast Italy (Sacchelli et al., 2011) , the model depicts the consequences caused by the variation of current bioenergy chain characteristics based on socioeconomic and environmental indicators. The value of each indicator was computed for different scenarios, derived from the combination of two parameters (incentive schemes for the bioenergy chain and new technological implementations of energy plants) and objective functions (related to optimal biomass allocation).
The results were aggregated into a Multi Criteria Analysis (compromise programming evaluation) to establish the best scenario. The general model framework is shown in Fig. 1 . Symbology of equations is explained in Nomenclature section.
Study area and database

Supply analysis: sawmill residues
Approximately 84% of the woody biomass used for the production of thermal energy and electricity in heating plants is provided by sawmills. These data are based on an ad hoc survey conducted in 2010e2011 (Sacchelli et al., 2011) . Questionnaires were distributed to a sample of sawmills operating in the province of Trento. This random sample was stratified based on forest districts (the province of Trento is subdivided into 10 forest districts defined as a cluster of municipality similar for socio-economic and territorial characteristics) and on the number of people employed (size of the sawmill). The total number of sawmills in the province of Trento is 105 units, and 59 sawmills were involved in this survey. Face-to-face interviews with the managers of the sawmills were conducted in 47% of the total sawmills, and 9% of the managers were reached by mail. Of the remaining 44%, the full sawmill activity and the number of employees were checked in 41% of the cases, and the data were not available for 3%.
The survey showed an annual quantity of processed roundwood of approximately 649,000 m 3 , with an average ratio of processed timber to employee equal to 776 m 3 /y. Most of the processed material was Norway spruce, silver fir and European larch. Of this wood, 65% came from the province of Trento and 19% from other regions of Italy, and 16% was imported from abroad. The declared average yield of the production process amounted to 70%, and the resulting residues were mainly woodchips (42%), sawdust (39%), slabs (13%) and bark (6%). The sampled sawmills provided an estimate of the total woodchips produced in the province of 202,157 MWh/y (equivalent energy content). The equivalent energy content was defined according to conversion units reported in Francescato and Antonini (2008) .
Of the total residues produced in the provincial sawmills, 10% was self-consumed for the production of thermal energy (heating, drying of wood, etc.). The remaining portion was employed in various market sectors, such as biomass heating plants, gardening and nursery and wood processing industries (pellet or panel). Regarding the final use of the woodchips, Table 1 shows that 82% was allocated to the DH plants.
Demand analysis
At the province level, woodchip demand was estimated by considering existing large to medium DH plants (power above 400 kWt) and their future implementation. Small biomass plants for private users were previously investigated using random sampling (Sacchelli et al., 2011) . Residues collected in small plants for energy production are a minimum percentage of the total biomass demand of the province (approximately 7.8% with 6% from sawmills and 1.8% from forests). Because of the small amount of biomass demand and installed power compared with DH and the absence of a georeferenced database, these small plants were excluded from the analysis.
The total number of DH plants in the province of Trento was considered (15 units), and the information was collected through face-to-face interviews with the managers. The DH plants considered were built since 1999, mainly with the financial support of public authorities (Autonomous Province of Trento). The heating plants are mainly located in the northern region of the province, and all produce heat with woodchips. Six plants included generators powered by fossil fuels, while the use of other renewable energy sources (such as solar thermal or photovoltaic) was sporadic. The results of the survey indicated an installed capacity of 53.7 MWt, an annual requirement of woodchips equal to 107,357 MWh and a future requirement of 179,477 MWh/y (estimated by managers). Woodchips from local sawmills fulfilled more than four fifths of the total requirement, and the remaining portion was provided by logging companies or traders.
Potential implementation of supply: forest residues
The additional component of woodchip supply for the study area is represented by forest residues. Currently, the woodchip chain of forest enterprises in the province of Trento is partially implemented (Baldo et al., 2011) . Woodchip market trends and increasing bioenergy demand suggest that the forest wood energy chain could increase its production (Zambelli et al., 2012) . In this framework, the total potential future availability of bioenergy from forests was computed using the open-source spatial analysis model Biomasfor (Sacchelli et al., 2013a) . Biomasfor quantifies the availability of forest wood energy biomass in light of ecological and economic sustainability and different typologies of mechanization. Forest biomass is identified as the tops and branches of final fellings and thinning material. To improve the bioenergy chain, the collection of woodchips at biomass terminals (BTs) was hypothesized. BTs could serve as collection points for wood fuel, facilitate bioenergy services and guarantee the provenance and quality standards of material (De Mol et al., 1997) . In particular, the implementation of BTs should assist the optimization of biomass logistics to avoid barriers to energy efficiency. Effectively, both organizational and behavioral limits could exist at a local scale, and specific studies to observe and overcome these barriers must be carried out (Thollander and Ottosson, 2008) .
Because of the absence of BTs in the province of Trento, their introduction was preliminarily localized in an optimal area according to a geographic multi criteria suitability model.
Optimal allocation combined forest resources and energy plant localization and selected an industrial area for construction (Van Dael et al., 2012) . For each forest district, one BT was localized in the area BT f , with the highest suitability score (Equation (1)).
a ! 8000 m 2
(1) where s is the number of pixels included in the a-th industrial area, o i,f,a is the normalized distance between the i-th pixel (included in the a-th area and the f-th forest district) and the forest supply, and d i,f,a is the normalized distance between the i-th pixel (included in the a-th area and the f-th forest district) and the energy plant. The limit of BT (8000 m 2 ), derived from Francescato et al. (2010) , represents the minimum surface of BT required to permit the implementation of essential infrastructure and the maneuvering of trucks.
The amount of energy produced from forest residues, depending on the woodchip price, was quantified using the Biomasfor model (Table 2 ). This biomass represents the portion of the wood energy that can be efficiently collected at the BT from an economic viewpoint.
Model setting: parameters for scenario assessment
Incentive schemes
International, national and local policies promote the use of wood energy to improve the environmental and socio-economic benefits from global to local scales. Several examples are depicted in Directive 2009/28 EC on the promotion of the use of energy from renewable sources or in specific measures of the Communitarian Agricultural Policy (CAP) adopted at national and regional levels. Several funds have been established for bioenergy promotion, and new incentive schemes will be defined to extend the use of bioenergy. According to local policy (Provincial Energy Agency, 2012), the implementation of new energy plants will be encouraged. In addition, current forecasts suggest how potential incentives in the provincial wood energy chain could be provided to forest enterprises to increase woodchip production. In this context, the first criterion for scenario assessment is the potential incentive provision to the supply compartment. Therefore, three scenarios are considered, as follows: i) the absence of incentives to supply (Abs inc ), ii) incentives to the sawmill woodchip price (Inc saw ) and iii) incentives to the forest woodchip price (Inc for ). According to a proposal by local policy makers, a preliminary funding attempt was fixed at 2 V/MWh for both sawmill and forest woodchips (Provincial Energy Agency p.c.). National incentives due to energy production (green and white certificates, an all-inclusive tariff, etc.) have been preliminarily excluded to compute a cautionary estimation and to verify the selfmaintenance of the future chain. 
Implementation of new technologies
Considering that the energy exploitation of forest residues should be based on short energy chains, the analysis has been performed considering the installation of small to medium-size plants. Moreover, in view of environmental sustainability, it was decided to maximize the overall energy efficiency; i.e., the heat produced by the plants had to be utilized as thermal power (for DH or process heat for industries) and not discharged into the environment as waste heat.
Three different typologies of plant configuration have been considered, all based on combustion: combined heat and power generation through a standard Rankine cycle (simply referred to as CHP below) or an organic Rankine cycle (ORC) and heat generation for district heating (DH). These configurations are more appropriate for small-scale woody biomass plants rather than more complex systems, such as steam or air gasification plants with internal combustion engines or gas turbines (Fiori and Florio, 2010) .
The net power produced by both CHP and ORC plants has been fixed to the reasonable value of 1.5 MW e , while the thermal power of DH has been set equal to 5 MW t . In this regard, it is worth noting that ORC plants are currently considered for installation for power requirements between 0.5 and 2 MW e , while CHP plants with counter-pressure steam turbines range between 1 and 50 MW e . Thus, utilizing ORC plants of 1.5 MW e completely fits with actual industrial installations, while CHP plants of 1.5 MW e can be evaluated for installation (and installed) but are very close to their lower power limit. The technological limits of DH plants are practically nonexistent; the plants themselves are very simple. The scale-effect advice is to avoid plants that are too small. Furthermore, plants that are too large are normally not feasible because of the difficulties of installing large district heating piping and providing the plant with large amounts of locally produced biomass.
Our energy simulations account for the thermal and electrical efficiencies typical of these plants and their relevant size. The net electrical efficiency has been fixed at 19.5% and 15.5% for CHP and ORC, respectively. Thermal efficiency (i.e., thermal power available for utilization) has been fixed at 45%, 50% and 84% for CHP, ORC and DH, respectively. Thus, the overall efficiency (power plus thermal) for CHP and ORC is similar (z65%), with the former producing more power and the latter allowing for more thermal energy. Conversely, the two plant typologies present significant differences in terms of their flexibility, i.e., the capability of varying the load as a function of the (thermal) request. This aspect is particularly disadvantageous for CHP. In fact, considering that the plant's nominal power is very close its lower limit (as previously discussed), its load can only be decreased to a very limited extent, often failing to follow the thermal request. Because of this limitation, the installation of a CHP plant will also comprise a backup system capable of guaranteeing heat production and a system specifically devoted to satisfy thermal peaks. The establishment of these additional systems is less critical for ORC. ORC plants are more flexible than CHP plants and are thus more likely to be preferred for this type of small-scale application.
For each forest district, a distribution of new plants was hypothesized, as shown in Fig. 2 . This localization depends on the supply/demand bioenergy ratio, computed according to a WIS-DOM analysis (Masera et al., 2006) and using a suitability model carried out following the approach of Nibbi et al. (2012) . The total number of future new energy plants will depend on the abovementioned technical limits. Three hypotheses have been considered with the installation of DH, CHP or ORC. More precisely, the number of plants has been defined using Equation (2) by considering the following variables: i) the potential future availability of biomass, ii) the amount of bioenergy needed at each plant, iii) the installation cost and iv) the amount of future funds applied by local policy makers to install new biomass plants (preliminarily hypothesized equal to 40 MV one-time, according to the current provincial energy plan provision e Provincial Energy Agency, 2012).
max
P y e ¼ 1 NR e s:t:
where e is the e-th provincial energy plant (EP), y is the total number of EPs in the province, NR e is the yearly net revenue for the e-th plant (see Section 2.3.1), and F is the funds provided for plant installation in the medium term (V). Based on the above considerations, the analysis involves the potential implementation of 10 DH plants (DH scenario), 3 CHP plants (CHP scenario) or 8 ORC plants (ORC scenario).
Model setting: criteria and indicators
Socio-economic indicators
Financial evaluation of the provincial forest compartments was established by calculating the yearly net revenues linked to the energy residues market. In particular, the economic indicators are i) the yearly net revenues of the sawmills, ii) the yearly net revenues of forest enterprises and iii) the yearly net revenues of the energy plants.
Woodchips are produced by sawmills as a residue of the processing of timber and other main assortments. In a partial balance, the first cost related to residue production is the chipping cost (Yoshioka et al., 2002) . According to the current market, woodchips could be used for energy production in provincial plants or sold on the interprovincial market (national bioenergy plants, panel production, etc.) for different prices.
Therefore, for each sawmill, net revenues NR s were calculated as follows (Equation (3)):
where m is the m-th interprovincial collection point and x is the total number of interprovincial collection points. The ps p > ps m term defines two different potential conditions of the model based on the exogenous variables ps p and ps m . To maintain the linearity of the equations, these conditions have been set separately in the model. The potential optimization of the forest residue chain suggests how the realization and management of BTs could be properly applied by forest enterprises (Wu et al., 2011) . Following the approach used by Sacchelli et al. (2013a) , the biomass collected from the forest and delivered to BTs is the chain that has a positive economic balance. The total profit for each forest enterprise NR f must also consider the revenues from woodchip sales and the costs for the construction, operation and maintenance phases of BTs and the delivery of woodchips to the final plant (Equation (4)).
The annualized net present value for each energy plant NR e was expressed as a function of revenues from heating and/or electricity selling, construction cost and operating and maintenance costs (purchasing of woodchips, personnel cost, etc.) (Equation (5)).
with H e;n ¼ a e $h e $h e;n T e;n ¼ u e $l e $h e;n O e;n ¼ M e;n þ P e;n þ P w
where n is the considered year in the cash flow and f is the total cash flow period. Net revenues of the entire bioenergy chain are expressed as follows (Equation (7)):
The forest energy chain in the province of Trento is well established thanks to a long tradition of local resident rights 1 and the presence of DH since the end of the 1990s. The introduction of new bioenergy plants, forest process organization and specific funds and regulations could cause variations in the provincial energy market. These changes could also lead to increased or decreased efficiency of each enterprise (sawmill, forest enterprise, energy plant). Thus, social indicators highlight the risk of negative profit for these specific compartments. The implemented model develops a partial equilibrium analysis focused on the energy sector. This aspect suggests that the term "risk of negative profit" (RNP) does not refer to the entire production process but only to the residue market (e.g., an RNP for a sawmill is defined as equal to 1 if the economic balance of residue selling is negative and assumes a value of zero otherwise). RNP is considered not only an economic index but also a social evaluator. In fact, the strict relation between a production step and satellite activities could penalize the local market and employment rate. Therefore, three additional socio-economic indicators were quantified: i) risk of negative profit for sawmills RNP w , ii) risk of negative profit for forest enterprises RNP z and iii) risk of negative profit for energy plants RNP y (Equations (8)e(10), respectively).
Environmental indicators
The environmental indicators are quantified by the avoided carbon dioxide emissions during bioenergy production, including both avoided emissions due to the combustion of renewable resources (woodchip) instead of fossil fuels and emissions during the transport phase. As for extraction of forest residues and collection to biomass terminal, also the optimal distance traveled from biomass terminals/sawmills to biomass plants considers the morphology of the land. In particular, in order to calculate the "transit weight", the model is based on a cost surface algorithm that combines linear distance (related to resolution of all crossed pixels in raster map) and slope of each crossed area (Bernetti et al., 2004) .
Currently, woodchip transport in the local and national bioenergy chains is mainly truck-based (both truck and truck-andtrailer mechanization). Unless the greenhouse gas (GHG) emissions of this type of process are largely compensated by the avoided emissions of the combustion process in the energy plant (see, e.g., Valente et al., 2011) , additional impacts of the transport phase could be considered. Literature analysis stresses how road traffic (truck-based transport in particular) could be criticized for its negative impacts on the perception of the inhabitants. Patil et al. (2011) show that one of the most important transport annoyances is noise. The distribution of annoyances highlights trucks as the main cause of noise (60%). In addition, health impairments and an increased risk of accidents are perceived by motorists in the case of heavy traffic caused by trucks (Dora and Phillips, 2000) . Several papers focus on the impact of truck-based transport on the biomass chain. Economic efficiency (Ravula et al., 2008) , traffic perception (ITABIA, 2008; Plate et al., 2010) and GHG emissions compared with other means of transport (Jäppinen et al., 2013) are several of the parameters considered. Because of the complexity in the definition and aggregation of the above variables, carbon dioxide emissions (strictly related to the distance traveled) were considered an independent indicator for the quantification of potential traffic annoyance in the present work. In conclusion, two environmental indicators were defined: i) total avoided CO 2 emissions related to bioenergy production and ii) potential traffic annoyance due to woodchip transport (Equations (11) and (12), respectively):
1 Common property rights (usi civici in Italian) include the rights to gather firewood and cut timber (bote right), graze cattle and sheep, collect grass and leaf litter for cattle, gather fruits and mushrooms, hunt, fish, mine and design water-use regimes. In the communities of the province of Trento, the bote right is presently the most important common right, as firewood represents an important source for the heating of homes.
2.4. Objective functions: optimization of indicators by the best allocation of biomass
The last factor of scenario assessment is the optimization of socio-economic and environmental indicators based on the optimal allocation of biomass from source to demand. A multi-objective linear programming approach was applied to maximize economic performance (Equations (13)e(16)), maximize avoided carbon dioxide emissions (Equation (17)) and minimize traffic annoyance (Equation (18)).
NR tot (16) maxCD (17) minTa (18) Equations (13)e(18) were subjected to non-negativity of the implied variables and to the following limits (the matching of bioenergy demand and supply; Equation (19)):
Aggregation of parameters and objective functions
To use biomass for energy production according to the concept of sustainability, it is necessary to define clear methodology for indicator aggregation that is able to identify the potential impact on socio-economic and environmental criteria. Multi Criteria Analysis (MCA) has been widely used in territorial planning because of its ability to aggregate variables characterized by different units of measurement and of otherwise contrasting types (e.g., qualitative and quantitative parameters) (Zeleny, 1982) . An extensive literature review of MCA application in the bioenergy sector was carried out by Wang et al. (2009) . The authors define a set of criteria and methodologies suitable to assess the sustainability of bioenergy systems. Buchholz et al. (2009a) analyzed different applications based on MCA methods; their work defines the possibilities of the integration of different MCA techniques, taking into account the uncertainty of the evaluation. Among several studies, different applications of MCA in biomass evaluation were also defined in Erdogmus et al. (2006) by the description of the Analytic Network Process (ANP) and in Buchholz et al. (2009b) .
In the present work, scenario ranking was computed by the use of the Compromise Programming (CP) application (Malczewski, 1999) and computation of the distance from the Ideal Point (Carver, 1991) . This methodology has been successfully applied to combine geographic information system (GIS) information and forest planning (Phua and Minowa, 2005) . Recently, this methodology was integrated with both bioenergy and multifunctionality assessment in a GIS environment (Sacchelli et al., 2013b) . The applied ideal point distance rule is:
where D s is the distance from the ideal point in scenario s, u is the number of q criteria, v' q,s is the ideal value for the q-th criterion, v ns,j is the calculated value of the q-th criterion in scenario s, v * q,s is the non-ideal value for the q-th criterion, and j is the metric used in the analysis (from "1", total compensatory approach to "N", total noncompensatory approach). Following the literature review developed in Diaz-Balteiro and Romero (2008), a metric j ¼ 2 was applied to provide a partial compensatory approach in the present work. Table 3 highlights the scenario ranking in terms of the best score achieved in CP aggregation. Scenarios combine the potential presence of incentive schemes, applied technology and the best allocation of biomass to optimize a specific objective function.
Results
The best scenarios are those that combine ORC technology and biomass allocation able to minimize carbon dioxide emissions. Allocation of bioenergy that maximizes the annual net revenues of the energy plants is the worst parameter for global optimization. In this case, the net revenues of sawmills and forest enterprises are mainly negative. The total net revenues of the entire wood energy chain range from 2.58 to 9.07 MV/y. At the single compartment level, net revenues could vary from À0.92 to 2.55 MV/y for sawmills, from À2.44 to 3.08 MV/y for forest enterprises and from 3.45 to 6.10 MV/y for energy plants. The risk of negative profit should attain a critical value for sawmills and forest enterprises (ranging from 0% to 92% and from 10% to 100%, respectively), whereas this risk is generally low for energy plants. Avoided carbon dioxide emissions range between 0.087 and 0.11 Mt/y. The best performances are obtained by ORC plant implementation and, as expected, in the CO 2 minimization scenario. Emissions due to transportation range between 49 and 350 t/y. Fig. 3 shows the influence of each criterion on the final results, expressed as the mean value of CP aggregation (distance from the ideal point). The best outcomes are outlined for the minimization of the CO 2 emissions of the entire chain and for the minimization of road transport. In addition, the maximization of total net revenue and the introduction of ORC technology appeared to obtain favorable results. The worst scores are associated with the allocation of biomass that maximizes the net revenues for energy plants and with the introduction of CHP technology. The latter result is caused mainly by the power limits of CHP. In fact, the energy efficiency of this plant does not permit the installation of power lower than 1 MW e . Therefore, the supply/demand ratio constraint allows a lower number of new CHP plants to be installed compared with DHP or ORC technology. Fig. 4 highlights the trend of indicators based on different criteria. The variation in economic and social indicators is mainly influenced by technology and allocation criteria (Fig. 4a and b) . In the case of max_NR s and max_NR f scenario (allocation that fosters the maximization of net revenues), a conflict between sawmills and forest enterprises is clear. Another conflict is evident in RNP for the three sectors in the case of the different allocation of biomass. Environmental criteria and incentive schemes show reduced variability in indicator performance. Fig. 4c introduces an additional indicator (Ta_prov), showing road transport emissions in the provincial market. It is interesting to note that road transport at the provincial level generally reaches a better value with respect to transport for the entire woodchip allocation. However, in the case of incentives to the sawmills, a portion of the biomass currently sold in the interprovincial market could be transferred to the local bioenergy chain. This aspect leads to an inversion of the above-mentioned statement.
An opportunity offered by the model is the spatial representation of the results. GIS-based outputs could facilitate the interpretation of information for each scenario. For example, Fig. 5 examines the best allocation of biomass from source to energy plant to minimize road transport and satisfy local demand. The same colors of source points and demand points mean that biomass is allocated from first to second ones (e.g. from sawmills/BTs to energy plants). Non colored symbols represent the lack of allocation of biomass in case of demand saturation. The scenario is based on the implementation of ORC plants with incentives on the forest woodchip price. The figure also suggests how the greater probability of RNP is depicted for sawmills and biomass terminals located in the southern region of the province. In fact, there are fewer energy plants in this area than in the northern region; consequently, the transport distances from supply to demand are higher. a "Inc saw ", "Inc for ", "Abs inc ": incentive schemes as defined in Section 2.2.1. "ORC", "DH", "CHP": biomass plant technology as defined in Section 2.2.2. "max_CD", "min_Ta", "max_NR_tot", "max_NR s ", "max_NR f ", "max_NR e ": objective functions as defined in Section 2.4.
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In addition, the low amount of forest residue both potentially decrease the economic performance of BT and make the implementation of new energy plants more difficult.
Discussion and conclusions
In the present work, the authors developed a partial equilibrium model able to quantify the socio-economic and environmental effects of policy, technology and optimization of biomass allocation on the forest residue chain. The results take into consideration the financial benefits/losses and potential trends of three compartments: sawmills, forest enterprises and energy plants in the province of Trento in the northeastern Italian Alps. Furthermore, environmental improvement was expressed as a function of avoided carbon dioxide emissions in the entire bioenergy chain and the minimization of the road-based transport of biomass. The results stress how the optimization of environmental parameters could enhance the mean value of other indicators. In other words, two parameters seem to be important for chain efficiency: the installation of ORC plants and the minimization of transport distances. In the former case, the combination of thermal and electric energy production generally increases the performance of economic indicators and the substitution of fossil fuels compared with other typologies of plants. A positive impact is also shown for the reduction of the risk of negative profit, in particular for the energy plants. The reduction of distances from supply to demand of bioenergy could both improve economic efficiency and decrease the annoyances caused by road-based transport. The application of incentives to support the supply compartment of the wood energy chain is not the most important parameter. However, funds to forest enterprises should be preferred to activate more biomass availability and sustainability of the supply/demand ratio.
The implemented model permits an analysis of the influence of different political and technological choices at the local level, defining the guidelines for a decision of support from local stakeholders. The practical application of the results could be depicted in the potential analysis of added value of the chain due to particular regulations or funds. Furthermore, the risk of employment losses can be evaluated at the enterprise or provincial level. The questionnaires and the GIS-based approach applied for the definition of the input geodatabase allow a rather simple update of supply and demand quantification.
The spatial representation of output provides the opportunity to show the best allocation of biomass in terms of both provenance (distance) and quality. In fact, sawmill residues are generally Fig. 3 . Influence of the scenario parameters on total evaluation (distance from ideal point). Fig. 4 . Trend of indicators based on scenario parameters (distance from ideal point for economic e a, social e b, and environmental criteria e c).
S. Sacchelli et al. / Journal of Cleaner Production xxx (2013) 1e12 9 preferred because of the lower levels of impurities and green matter compared with forest residues. However, a larger energy plant (greater thermal power) could facilitate the combustion of forest biomass or biomass with higher moisture content. A geographic visualization of biomass allocation could facilitate the medium-term pledge and agreement among local entrepreneurs; indeed, one of the critical topics of the current local bioenergy chain is the absence of a qualitative analysis of residues and the mediumto long-term agreement between supply and demand. These facts lead to supply/demand agreement based on empirical evaluations, not on standardized rules. Furthermore, market price fluctuations could make biomass plant feeding risky in the absence of supply/ demand agreements. The flexible model structure potentially facilitates the implementation of a new scenario, e.g., in terms of different incentive policies, typologies of plants or allocation of biomass.
Several improvements to the analysis could be depicted as follows. Biomass terminal localization has been hypothesized in a suitable industrial area; according to upcoming regional regulations (Zampieri et al., 2011) , BTs could be implemented in a rural area, allowing an optimization of the storage and management of biomass. In-depth local analysis and specific case studies can improve the current applied indicators, e.g., gaining more insight into the perception of traffic annoyances in the biomass sector. Furthermore, additional indicators, both socio-economic and environmental, could be added to the evaluation. For example, the impact of other GHGs besides carbon dioxide can be quantified.
Future detailed evaluations can lead to an improvement of the partial equilibrium model in terms of general equilibrium analysis for provincial and interprovincial markets. Effectively, although the current supply and demand of biomass in the province of Trento are mainly related to sawmill/forest residues and DH plants, respectively, additional compartments could attain a certain importance in the medium term. A provincial analysis could include the computation of biomass from other wood industries or the pruning of permanent crops (vineyards and fruit trees) and the demand from small biomass plants. The conflict between forest woodchip production and bote rights (e.g. in terms of local residents' perception) and a mix of DH, CHP and ORC installations should be included in future analysis. At the interprovincial level, an interesting topic to be developed is the application of Life Cycle Assessment for the different uses of wood residues (e.g., panel and paper production).
Ultimately, the adequate availability of datasets regarding the supply and demand of bioenergy could allow the application of this model for different study areas.
